Strong exciton binding in quantum structures 
through remote dielectric confinement 
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We propose a new type of hybrid systems formed by conventional semiconductor nanostructures 
with the addition of remote insulating layers, where the electron-hole interaction is enhanced by 
combining quantum and dielectric confinement over different length scales. Due to the polarization 
charges induced by the dielectric mismatch at the semiconductor/insulator interfaces, we show that 
the exciton binding energy can be more than doubled. For conventional III-V quantum wires such 
remote dielectric confinement allows exciton binding at room temperature. 
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The electron-hole Coulomb interaction in semiconduc- 
tors leads to bound excitonic states that could play a cru- 
cial role in the next generation of optical devices. For this 
purpose, however, the binding energy Eb must exceed the 
thermal energy at room temperature, a condition that is 
not yet met in conventional III-V materials. In fact, a 
large enhancement of Eb with respect to bulk materials 
has been obtained by confining electron and hole wave- 
functions in nanostructures of low dimensionality (quan- 
tum confinement) , the most promising type of structures 
being quasi-one-dimensional systems (quantum wires); 
within GaAs-based materials, however, the observed val- 
ues of Eb are still well below the room-temperature ther- 
mal energy. 

In this letter we propose an alternative approach to 
enhance Eb, that combines quantum confinement with 
remote dielectric confinement. As first pointed out by 
Keldysh Q, the electron-hole Coulomb attraction can 
be greatly enhanced in layered structures with strong di- 
electric mismatch, due to the polarization charge induced 
at the interfaces. For conventional semiconductor nanos- 
tructures such as GaAs/AlGaAs- or GaAs/InGaAs-based 
samples, however, this is a minor effect due to the small 
dielectric mismatch between the constituents Q . On the 
other hand, interfaces between III-V semiconductors and 
materials with very different dielectric constants, such 
as oxides, are usually very far from the excellent optical 
quality of the conventional ones. Our approach is based 
on the idea that quantum and dielectric confinement can 
be spatially separated, since they are effective over differ- 
ent length scales. We will show that a very large increase 
in Eb can be obtained in GaAs-based quantum wires by 
adding remote insulating layers: these induce strong di- 
electric confinement without degrading the good optical 
properties ensuing from quantum confinement. 

We consider GaAs/AlGaAs quantum wires (QWI), 
where excitonic properties have been studied extensively 
[p| . We focus on QWIs with T-shaped 0] and V-shaped 



H cross sections, which rank among the best avail- 
able samples from the point of view of optical proper- 
ties. Starting from these geometries, we design hybrid 
structures adding oxide layers at some distance from 
the QWI; In the new structures, the electron and hole 
wavefunctions are confined by the inner, lattice-and- 
dielectric- matched GaAs/AlGaAs interfaces; the outer 
AlGaAs/oxide interfaces, owing to the strong dielectric 
mismatch, provide polarization charges thus enhancing 
the electron-hole interaction. 

To obtain quantitative predictions of excitonic prop- 
erties in such hybrid structures, an accurate description 
of the complex interplay between quantum and dielectric 
confinement is needed. To this end, we have developed 
a novel theoretical scheme that allows to treat arbitrary 
dielectric configurations, where the low symmetry makes 
simple image-charge methods |^|| not applicable. Fur- 
thermore, we adopt a non-perturbative approach for the 
self-energy term, which, in principle, is needed to describe 
strong dielectric mismatch combined with shallow confin- 
ing potentials, as in some state-of-the-art QWIs. The 
electron-hole interaction is treated within the conven- 
tional approach of the semiconductor Bloch equations, 
adapted to quasi one-dimensional (ID) systems |Q. 

More specifically, for a spatially modulated dielec- 
tric constant e(r) the Coulomb interaction between two 
charges of opposite sign ±e sitting at positions r and 
r' — our electron-hole pair — is given by V(r,r') = 
— e 2 G(r, r'), where G(r,r') is the Green's function of the 
Poisson operator, i.e., 



V r ■ e(r) V r G(r, r') = -5(r - r'). 



(1) 



We see that the space dependence of e(r) modifies G(r, r') 
with respect to the homogeneous case, where e(r) = e D 
implies G (r,r') = 47re |r- r '| • This, in turn, gives rise 
to significant modifications in the excitonic spectrum; 
within the conventional Hartree-Fock scheme, such mod- 
ifications originate from the electron-hole Coulomb ma- 
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trix elements entering the evaluation of the absorption 
spectrum M: 
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2 J $f* (r)$£* (r / )G(r,r , )$J(r')*|(r)drdr / . (2) 



Here, denotes the electron (hole) single-particle en- 

velope function for the I = k z , v state of the QWI, k z the 
wavevector along the wire, and v the subband index. 

To study realistic geometries, we find it convenient to 
cast the problem in Fourier space, following the theoret- 
ical scheme in Ref. 0. It is easy to rewrite Eqs. ([!]) and 
(0) (the symbol ~ denotes Fourier transform throughout): 



e( k - k " ) k ' k " G(k" , k') = 5(k + k') 
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where F^ h (k) = J $, e/h *(r)e <k ' r $^ re (r)cZr. We stress 
that, in order to evaluate the Coulomb matrix elements 
in (|J), it is not necessary to solve Eq. (||) for each 
G(k,k'). In fact, if we multiply (§) by Fjj(k') and sum 
over k', we get a Poisson equation for the "potential" 
Vji(k) = ^ k ,G(k,k / )Fj5(k') [see Eq. @)] arising from 
the "source" Fjj(k'), which is solved only once for each 
pair 

The Green's function G(r,r') also gives rise to a self- 
energy term 



-e/h* 



,e/h. 



E(r) = - lim [G(r,r') -G B (r,r')] 

Z r'— »r 



(5) 



where Gs(r,r') = 47re ( r ) 1 | r _ r /| is the (local) bulk solution 
of (Q). S is a local correction (equal for electrons and 
holes) which adds to the confining potential in determin- 

e/h 

ing the single-particle envelope functions <E>; . This self- 
energy contribution is evaluated within the same plane- 
wave approach by solving (^) at a set of k' || : it can be 
shown that its Fourier transform is 



= yE [ G ( G + f , g - 1) - g b (g, g ) 



(G) 



where Gs(G,g) = e 1 (G)/g 2 with the definitions G = 
(k + k')/2 andg = k-k' @. 

We first discuss our findings for QWIs obtained by epi- 
taxial growth on V-grooved substrates (V-QWIs) || . As 
a reference sample, we consider a GaAs wire with AlAs 
barriers p0[ , and we add two oxide layers, below and 
above the QWI [see Fig. 1(a)], at a distance L from the 
GaAs/ AlAs interfaces [JO]. Note that the oxide layers 
are characterized by a small dielectric constant, that we 
take equal to 2 [Q. 



Our results for the V-QWRs are shown in Fig. 1. For 
the sample shown in Fig. 1(a), we find = 29.3 meV, to 
be compared with 13meV of the conventional (i.e., with 
no oxide layers) structure. Fig. 1(a) shows that the ori- 
gin of this dramatic enhancement is the large polarization 
of the AlAs/oxide interfaces induced by the hole charge 
density [ ft3| ; the polarization is larger in the region where 
the hole is localized, and is more pronounced at the lower 
interface, due to the larger curvature. A small polariza- 
tion charge is also induced at the GaAs/ AlAs interface, 
due to the small dielectric mismatch. Note that quan- 
tum confinement localizes the wavefunction well within 
the inner interfaces; therefore, the AlAs/oxide interface 
does not affect the electron and hole wavefunctions. 

In Fig. 1(b) we show the calculated E^ for selected val- 
ues of L. We also show, for comparison, the calculated 
binding energy for the conventional structure, Eq, and 
the room-temperature thermal energy. E^ is maximum 
when the oxide layer is at minimum distance [pT| , L = 0: 
it is enhanced by a factor larger than 3 with respect to Eq, 
and it is well above fcT room pl|. It is important to note 
that Ei, decreases slowly with L, and is still significantly 
larger than kT Ioom at L = 6 nm. Since E\, is the result 
of the Coulomb interaction of, say, the electron with the 
hole and the polarization charge which is excited at a 
distance ~ L, we intuitively expect E b to decay as L , 
with a typical decay length Lq comparable to the Bohr 
radius in the QWI 0; this, in turn, is of the order of the 
confinement length. Indeed, Fig. 1(b) shows that Ef, is 
very well interpolated by 



E b {L) = Eq 



E b (Q) 



(7) 



1 + L/Lq 

with Lq — 6.56 nm. Note that E b crosses fcT room when L 
is as large as 9 nm. 

A second type of structures, which have recently 
attracted considerable attention, are the so-called T- 
shaped wires (T-QWI), obtained by the cleaved-edge 
overgrowth method plB . The typical sample of our cal- 
culations [see Fig. 2(a)] consists of a T-QWI with GaAs 
parent quantum wells (QWs) of the same width, and 
AlAs barriers. An oxide layer is added on top of the ex- 
posed surface at a distance L from the underlying QW. 
Note that, in this case, an oxide layer is present only on 
one side of the QWI. As in the case of the V-QWIs, a 
strong polarization charge forms at the AlAs/oxide in- 
terface, with a maximum in the region of the hole wave- 
function confinement. A small polarization charge is also 
present at the GaAs/ AlAs interface, peaked around the 
corners of the intersecting QWs. In Fig. 2(b) we show the 
calculated Eb vs L. The binding energy for the conven- 
tional structure, Eq, and the room-temperature thermal 
energy are also shown for comparison. As in the case 
of the V-QWI, Eb is maximum at L = 0, where it is 
enhanced by a factor of 1.5 with respect to Eq, and de- 
creases slowly with L. Although E^ is smaller than in the 
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case of the V-QWI studied previously, for the smallest L 
values Eb is still of the order of kT Ioom . It is important 
to note that the reduced effect of dielectric confinement 
in the T-QWI sample with respect to the previous exam- 
ple of V-QWI is just due to the presence of a single oxide 
layer, i.e., geometric effects due to different cross-sections 
play a minor role. In fact, despite the very different geom- 
etry, Eb decays with L in the same way in both cases. As 
shown in Fig. 2(b), also in the case of T-QWIs Eb is very 
well interpolated by Eq. (Q) with Lq = 7.55 meV, which 
is still of the order of the QWI confinement length. Note 
that the above examples of structures are based on stan- 
dard state-of-the-art QWIs that were previously stud- 
ied in the literature JJJ^], and no particular optimization 
of Eb with respect to sample parameters (constituents 
and/or geometry) has been attempted. 

Finally, we discuss the effect of the self-energy term 
on Eb. We have compared the full calculations discussed 
above with calculations performed neglecting S(r) in the 
single-particle potential. For the V-QWI we have ver- 
ified that the self-energy contribution tends to increase 
Eb, but it is so small (< 0.2 meV) that the two results 
cannot be distinguished on the scale of Fig. 1(b). In the 
case of the T-QWIs, on the other hand, the self-energy 
contribution is qualitatively and quantitatively different, 
as can be seen from Fig. 2(b); in this case, in fact, it 
amounts to ~ 1 meV at the smallest L, and tends to re- 
duce Eb- This is a consequence of the interplay between 
the dielectric confinement and the shallow quantum con- 
finement of these structures; this is apparent from Fig. 3, 
where we compare the electron and hole single-particle 
wavefunctions calculated neglecting [Fig. 3(a)] and in- 
cluding [Fig. 3(b)] the self-energy term. The self-energy 
potential [Fig. 3(c)] inside the GaAs layer pushes the elec- 
tron and hole wavefunctions away from the oxide layer; 
due to the different masses and shallow confining poten- 
tials, such shift is different for electrons and holes, and 
the overlap is diminished, thereby reducing Eb- 

In summary, we have developed a theoretical scheme 
that allows to include dielectric confinement and self- 
energy effects in a full three-dimensional description of 
correlated electron- hole pairs (l6) . Our calculations show 
that a dramatic enhancement of the exciton binding in 
GaAs-based quantum structures is made possible by re- 
mote insulating layers, bringing Eb in the range of the 
room-temperature thermal energy. This enhancement 
scales slowly with the distance of the insulating layer 
from the quantum confinement region, thus allowing to 
design nanostructures that should be compatible with 
excellent optical efficiency. Dielectric confinement by re- 
mote insulating layers is predicted to be a novel powerful 
tool for tailoring excitonic confinement in semiconductor 
nanostructures. 

We are grateful to E. Kapon, L. Sorba, and W. 
Wegscheider for useful discussions. 
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FIG. 1. (a) Cross section of a hybrid V-QWI, showing the interface polarization charge (colors, units of nm _1 ) induced by 
the charge-density distribution of the lowest-subband hole (grey-scale, arbitrary units). The profile of the GaAs/AlAs interfaces 
is obtained from Ref. juj; the oxide layers are at L — 5nm from the GaAs/AlAs interfaces. The polarization charge at the 
GaAs/AlAs interfaces is multiplied by 3. (b) Eh versus distance of the oxide layers from the internal interfaces, L. Solid dots: 
full calculation. Solid line: Eq. (Q) with Lo — 6.56 nm. Dashed line: energy Eo of the corresponding conventional structure 
(no oxide layers). Dotted line: thermal energy at T room = 300 K. 
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FIG. 2. (a) Same as Fig. 2(a) for a hybrid T-QWI. The QW widths are 5.4 nm; the oxide layers are at L — 3nm from the 
GaAs/AlAs interface, (b) Eb versus L including (solid dots) and neglecting (empty dots) the self-energy contribution. Solid 
line: Eq. (jij) with Lo = 7.55 nm. Dashed line: energy Eo of the corresponding conventional structure (no oxide layers). Dotted 
line: thermal energy at T room = 300 K. 
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FIG. 3. Lowest-subband electron and hole charge densities for a T-QWI with L = [see inset], neglecting (a) and including 
(b) the self-energy potential E(r) shown in (c). All curves are calculated along the white line shown in the inset. 
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